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Abs t rac t  

An x-ray f l u x  from o u t s i d e  t h e  atmosphere determines 
t h e  count ing ra te  of an x-ray d e t e c t o r  b e n e a t h - s e v e r a l  g/cm2 
of atmosphere, b u t  a unique i n v e r s e  r e l a t i o n s h i p  does n o t  
e x i s t .  Therefore  x-ray astronomy d a t a  a n a l y s i s  r e q u i r e s  
t h e  computer s imula t ion  of t h e  processes  which t ransform assumed 
x-ray energy s p e c t r a  i n t o  d e t e c t o r s ’  count ing rates.  The 
programs used by t h e  au thor ,  E. Allen Womack, Jr., and Harvey 

D. Tananbaum are presented  and a r e  appl ied  t o  a s p e c i f i c  
example. A set  of conventions f o r  p r e s e n t i n g  one’s  r e s u l t s  
as an x-ray spectrum above t h e  atmosphere i s  a l s o  explained.  
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I '  

I. In t roduc t ion  
1 

There i s  no one-to-one correspondence between t h e  count ing 
ra te  of an x-ray d e t e c t o r  beneath several g/cm2 of atmosphere 
and t h e  x-ray f l u x  a t  t h e  top  of t h e  atmosphere. This  i s  
p r i m a r i l y  due t o  two effects which cause pu l se  h e i g h t s  from a 
d e t e c t o r  n o t  t o  be uniquely r e l a t e d  t o  t h e  e n e r g i e s  of t h e  
x-rays which produced them. The f irst  i s  t h e  sum of s t a t i s t i c a l  
f l u c t u a t i o n s  i n  l i g h t  photon and photoe lec t ron  product ion,  
u s u a l l y  lumped under t h e  f a m i l i a r  term "energy r e s o l u t i o n " .  

Iod ine  o r  Xenon i n  t h e  d e t e c t o r ,  causes a p u l s e  t o  i n d i c a t e  

~ 

I 
The second, t h e  escape of K x-rays from such high Z e lements  as 

about 30 keV less energy than t h e  o r i g i n a l  photon a c t u a l l y  had. I 
I Resu l t s  of  c a l c u l a t i o n s  on t h i s  e f f e c t  have been p resen ted  by 

S t e i n  and Lewin . 1 

I Another e f f e c t  of t h e  same s o r t  i s  t h e  p a r t i a l  d e p o s i t i o n  
of energy by x-rays which Compton scatter i n  t h e  d e t e c t o r  and 
then  leave. This  i s  important  above 1 0 0  k e V  and i s  extremely 
impor tan t  f o r  e n e r g i e s  of a f e w  MeV. This  e f f e c t  i s  neg lec t ed  

A more impor tan t  effect  i s  t h e  i n c r e a s e  i n  t h e  d e t e c t o r ' s  t o t a l  

I 
~ 

I h e r e  because w e  are mainly concerned wi th  e n e r g i e s  below 100 keV. 
I 

I a b s o r p t i o n  p r o b a b i l i t y  ( r e f e r r e d  t o  h e r e  as e f f i c i e n c y )  due t o  
t h e  i n c r e a s e d  p a t h  l eng th  of an x-ray which has  Compton s c a t t e r e d .  
The d a t a  2 r 3  of t h e  au tho r ,  E. A l l e n  Womack, Jr., and Harvey D. 
Tananbaum have had such l a r g e  s t a t i s t i c a l  e r r o r s  above 50 keV 
(where t h i s  e f fec t  i s  most important)  t h a t  w e  have neg lec t ed  t h i s  
effect  fo r  t h e  t i m e  being. C a l i b r a t i o n  wi th  r a d i o a c t i v e  i s o t o p e s  
having known i n t e n s i t y  r a t i o s  for  t h e i r  gamma ray  l i n e s  w i l l  be  

I 

I 

I used when t h e  need arises.  
I n  r e f e r e n c e  3 t h e  au tho r  and Harvey D. Tananbaum repor t ed  

a s i g n i f i c a n t  i n c r e a s e  i n  t h e  x-ray f l u x  from Cygnus XR-1 over  
a p e r i o d  of e i g h t  months. One of t h e  main purposes of t h i s  
r e p o r t  i s  t o  a l low o t h e r  i n v e s t i g a t o r s  t o  compare t h e i r  d a t a  
wi th  o u r s  w i th  t h e  assurance t h a t  agreement o r  disagreement i s  
n o t  due t o  d i f f e r e n c e s  i n  d a t a  a n a l y s i s  o r  d a t a  p re sen ta t ion .  , 
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This r e p o r t  has f o u r  p a r t s .  The f i r s t  p a r t  i s  a descr ip-  
t i o n  and l i s t i n g  of  a program, DETMD, which gene ra t e s  thermal  
bremsstrahlung and power l a w  x-ray s p e c t r a ,  a t t e n u a t e s  them by 
t h e  atmosphere, m u l t i p l i e s  them by t h e  d e t e c t o r ' s  e f f i c i e n c y ,  
s h i f t s  x-rays i n  energy t o  account f o r  K x-ray escape ,  and 
smears t h e  r e s u l t  w i th  a gauss i an ,  energy dependent r e s o l u t i o n  
func t ion .  The i n p u t s  t o  DETMD are t a b l e s  of d e t e c t o r  e f f i c i e n c y ,  
K x-ray escape p r o b a b i l i t i e s ,  a t t e n u a t i o n  c o e f f i c i e n t s  f o r  a i r ,  
x-ray spectrum parameters ,  g/cm2 of a i r  cons idered ,  d e t e c t o r  energy 
r e s o l u t i o n  parameters ,  and p u l s e  h e i g h t  ana lyze r  energy th re sho lds .  
Its purpose i s  t o  al low t h e  u s e r  t o  c a l c u l a t e  t h e  r a t i o  of x-ray 
f l u x e s  i n  s e v e r a l  energy bands t o  count ing rates i n  t h e  co r re s -  
ponding pu l se  he igh t  bands. 

t h e  t a b l e s  of a i r  a t t e n u a t i o n  c o e f f i c i e n t s ,  e f f i c i e n c y ,  and K 
x-ray escape p r o b a b i l i t i e s .  The e f f i c i e n c y  and K x-ray escape 
program, NAIEF, a p p l i e s  on ly  t o  our  1 mm t h i c k  N a I  c r y s t a l  w i th  
a .005 i n c h  b e r y l l i u m  window. The u s e r  w i l l  have t o  modify it 
o r  s t a r t  from s c r a t c h  t o  g e n e r a t e  e f f i c i e n c y  t a b l e s  f o r  h i s  own 
d e t e c t o r .  The program i s  inc luded  h e r e  t o  a l low o t h e r s  t o  
check our a n a l y s i s  and t o  q e n e r a t e  sample i n p u t  d a t a  f o r  program 
DETMD . 

I n  t h e  t h i r d  p a r t  i s  p resen ted  a self  c o n s i s t e n t  set  of 

The second p a r t  c o n s i s t s  of t h e  programs w e  used t o  g e n e r a t e  

conventions f o r  p r e s e n t i n g  o n e ' s  r e s u l t s  as a graph of an x-ray 
s o u r c e ' s  spectrum (above t h e  a tmosphere) ,  t he reby  al lowing 
a c c u r a t e  v i s u a l  comparison of  d i f f e r e n t  exper imenters '  r e s u l t s .  

The computer programs w e r e  w r i t t e n  i n  F o r t r a n  I V  f o r  t h e  
IBM 7044 ,  b u t  they  should run e q u a l l y  w e l l  on an IBM 7094 equipped 
wi th  t h e  o p e r a t i n g  system IBSYS. 
some numbers w i l l  have t o  be t r u n c a t e d  t o  7 decimal d i g i t s .  
The For t ran  l o g i c a l  d e s i g n a t i o n s  of t h e  input -output  dev ices  
are: 5 ,  ca rd  r eade r ;  6, p r i n t e r ;  and 7 ,  c a r d  punch. AS 

o r i g i n a l l y  w r i t t e n  t h e  programs con ta ined  many s t a t e m e n t s  which 
caused t h e  gene ra t ion  of graphs of t h e  r e s u l t s  on a Calcomp 

For  o p e r a t i o n  on t h e  IBM 360 
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digital incremental plotter. This is the cause of some structures 
in the programs which seem to be awkward or unnecessary. It is 
also the cause of the small step size (0.1 keV) used in all the 
calculations. 

11. Program DETMD 

The assumed differential number spectra above the atmosphere 
are 

NTYPE = 1 or 2 respectively. 
A = ANORM, E, = EREF, kT = EKT, N = POWER 

-P (E)X The spectrum at the detector is 
= (g) e 

P = the attenuation coefficient of air = ATTEN 
X = g/cm2 of air along line of sight = GRAMS. 

The spectrum of energy losses in the detector is 

E = the efficiency of the detector, i.e. the probability that 

pa= the probability that an incident photon will give rise to a 

pB= the probability that an incident photon will give rise to a 

an incident photon will interact = EFFIC 

Ka photon which escapes from the detector = ESCKA 

K photon which escapes from the detector = ESCKB 

iodine. 

B 
E = energies of K and K photons = 32.5, 28.6 keV for EKaf KB c1 B 
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The pulse  h e i g h t  spectrum i s  

where a ( E ' )  = aE' + b m  
a = ASIG, b = BSIG 

The fou r  s p e c t r a  are p r i n t e d  on fou r  s e p a r a t e  pages. 
i n t e g r a t e d  over  1 keV bands,  5 keV bands, and e i g h t  o t h e r  bands 

whose boundaries are t h e  i n p u t s  CALIB*THRESH. 
l i s t i n g  of program DETMD a r e  some of i t s  r e s u l t s  f o r  kT = 4.3 keV 
and t h e  a u t h o r ' s  d e t e c t o r  parameters.  The f i r s t  page of  r e s u l t s  

Each i s  

Following t h e  

i s&) f o r  A = 1 . 0  and E, = 20 keV. The nex t  t h r e e  pages a r e  

t h e  corresponding rg) , @)2, and(%) f o r  4.0 g/cm2 of a i r  along 

t h e  l i n e  of s i g h t .  
3 

The l a s t  t h r e e  pages are(%) f o r  4.5, 5 . 0 ,  
3 

and 5.5 g/cm2 of a i r .  The fol lowing example i l l u s t r a t e s  how 
these r e s u l t s  a r e  used. 
t h e  l i n e  of s i g h t  i s  assumed. One counts  n = .002  pu l se s /  

cm2sec which have p u l s e  h e i g h t s  corresponding t o  e n e r g i e s  between 
= 23.4 and Eb = 4 6 . 7  keV. 'a 

t h e  atmosphere had t h e  form e 

number of i n c i d e n t  photons wi th  e n e r g i e s  between Ea and Eb w a s  

Absorption by 5.0 g/cm2 of a i r  a long 

ab 

If one assumes t h e  spectrum above 

wi th  kT = 4.3 keV then  t h e  K -E/kT 

- E a  (%),'E - - 1.19006 + . 19147  + .03155 = 8.33 
IEb 

.11938 + .04034 + .00999 
Rab - 

bee  underl ined numbers i n  t h e  computer p r i n t o u t )  
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I 

The best value of the coefficient K is 
2 0  E,/kT - 

A E,e n 1 x 20 e k o 3  x .002 
= 24.68 ab - - K =  

.16971 

%”(%) 3 dE 
a 
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FORTRAN SOURCE L I S T  
I SN SOURCI! STATEMEkT 

32 15 
3 3  
34 2 3  
3 5  50 
44  52 
45 
5 C  
53 
55  94 
56 60 
61  
6 2  63 
6 3  65 
66 
6 7  68 
70 75 
73 
74 78  
75 110 

100 
101 8 3  
1 0 2  05  
103 
156 
107 
1 LO 
111 
112 1 0 5  
114 
115 
116 1 1 0  
1 1 7  
1 2 0  
12 1 
122 1 1 5  
124 
1 2 5  14C 
126 
12 I 
I30 
1 3 1  

0 S I B F T C  DETHD 
1 OIMENSION A T T E h ( 1 9 0 0 ) ,  E F F I C ( Z C C 0 ) r  ESCKA(2COO)p  E S C K B ( 2 0 0 0 ) *  

1 G A U S S ( 2 0 0 0 ) ,  C O U N T ( 2 0 0 0 ) ~  C T S A ( 4 0 1 ,  C T S B ( 8 ) r  T H R t S H ( 9 1 ,  Y ( Z O O O I  
2 h P O I N T  = 2000 
3 DO 10 I N I T  = 1 s  2000 
4 G A U S S I I N I T )  E X P ( - ( ( F L O A T ( I N I T  - 1)/500.0)++2)/2.0) 
5 1 C  CONTINUE 
7 C O  12 J F I X  = 1, 100 

10 E F F I C t J F I X )  = 1.0 
11 E S C K A ( J f  1 x 1  = 0.0 
1 2  E S C K B ( J F 1 X I  0 - 0  

1 5  REAO(5 ,  1 5 )  ( E F F I C ( J A 1 ,  J A  = 101, 2000), ( E S C K A ( J 8 ) v  J8 = 101, 
1 3  12 CCNTINUE 

1 ZOCO), ( E S C K @ ( J C ) r  J C  = 101, 2 O C O )  
FORCAT( lOF7 .5 )  
HEADIS ,  2 0 )  A l T E N  
F O R C A T ( l O F 7 . 4 1  
R E A O ( 5 r  52) VDSPECv NCATHt  NDKESL, NOTRSH, NDCALB, N D C U I T  
F O R C A T ( 6 1 1 )  
IF(hOCUIT.NE.0)  GO TO 1000 
IFlhDSPtC.NE.1) GO TO 60 
R E A D ( 5 r  5 4 )  NTYPE, EREFI ANOHPI TOHPWR 
F O i l C A T ( I 1 ,  3F7.3) 
IF(NOATM.YE.1) GO TO 6 5  
H E A C ( 5 9  63) GRAMS 
F O R C A l ( F 7 . 4 )  
IF(NDRESL.NE.1) GO TO 7 5  
H E A O ( 5 ,  6 8 )  ASIGI  B S I G  
FORCAT(2F lO .S)  
IF(NOTRSH.NE.1) GO T O  80 
HEAO(5 ,  78) THRESH 
F O R n A T ( b F 1 0 . 4 / 3 F 1 0 . 4 )  
IF(KDCALB.NE.1) GO TO 85 
R E A O ( ~ ,  8 3 )  
FORCAT(F10.5)  
CONTINUE 

EKT = TORPWR 
DO 105 J D = Z t N P C I N T  
E N  = F L O A T ( J 0  - 1)/10.0 
Y I J C )  = A N O R H * E X P I - ( E N - E R E F ) / E K T ) / ( E N / E R E F )  
CONT I N U E  
Y ( 1  1-0.0 
GO T O  1 4 0  
POWER = -1OHPCIR 
DO 115 J E = 2 r N P O I N T  
EN = F L O A T (  J E - l ) / l O . O  
Y ( J E I  = ANORM*(IEN/EREF)*+POWER) 
CONT I NUE 
Y ( 1  )=O.O 
CONT I NUE 
GH = 0.0 
ASSIGN 1 4 5  TO JRETRN 
J R t T  = 1 4 5  
GO TO Y O 0  

IF l kTYPE.EQ.2 )  GO TO 110 
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I .  

I SN 

1 3 2  1 4 5  
1 3 3  
1 3 4  
1 3 5  
1 3 6  1 5 5  
140 
141 
1 4 2  1 6 C  
1 4 4  
145 
146 
1 4 7  1 9 C  
1 5 0  
151 
1 5 4  
1 5 5  
160 
161 2 0 5  
162 21C 
164 2 3 5  
165 
166 
167 
1 7 0  24C 
171  
1 7 2  
1 7 3  2 5 5  
1 7 5  
1 7 6  
1 / 7  
2 0 0  
201 
2 0 2  
203 
2 0 4  
2 0 7  
2 1 0  
2 1 1  26C 
2 1 4  2 6 5  
216 2 7 C  
2 2 0  
22 1 
222 2 7 5  
2 2 4  
2 2  5 
2 2 6  
2 2 7  3 0 5  
2 3 C  
2 3 1  YOC 
2 3 4  
2 3 5  
2 3 6  901 

2 3 7  9 0 3  

SOURCt STATEMENT 
FORTRAN SOURCE L I S T  CETMO 

CONTINUE 
GM = GKACS 
00 155 JG l r  100 
Y ( J G )  = 0.0 
CONTINU€ 
DO 160 JH = 101, N P O I N T  
Y ( J H )  = Y ( J H ) * E X P ( - G R d M S + A T T E N ( J H - l O ~ ) )  
CON1 I NUE 
A S S I G N  190 TO JRFTRN 
J R t T  = 190 
GO T O  900 
CON1 I NUE 
DO 2 1 0  J I  l r  NPOINT 
I F ( J 1 - 2 8 6 . L T . 1 )  GO TO 2 0 5  
Y L J I - 2 8 6 )  Y ( J 1 - 2 8 6 )  + E S C K A I J I ) * Y ( J I )  

Y(J1-325)  = Y ( J 1 - 3 2 5 )  + E S C K B ( J I ) * Y ( J I )  
Y I J I )  Y ( J I ) * ( E F F I C ( J I )  - E S C K A ( J 1 )  - E S C K B ( J I 1 )  
CON1 I N U E  
CONTINUE 
A S S I G N  240 TO JRETRN 
JRET = 2 4 0  
GO T O  900 
CONTINUE 

C O U N T [ J C T )  = 0.0 
CONT I N U k  

I F ( J 1 - 3 2 5 . L T . 1 )  GO TO 2 0 5  

00 2 5 5  J C T  = 11 NPOINT 

00 2 7 0  KE = 1 1  NPOINT 
E = FLOAT ( K E - l ) / l O . O  
SIGPA=ASIG*~+BSIG*SURT(E) 
C K S l G  = 50.0 /SIGMA 
YAOJ = 0.1*Y(KE)/(2.5065*SIGMA) 
00 2 6 5  K E P R I M  = 11 NPOINT 
NGAUS = I F I X ( F L O A T ( I A B S ( K E - K E P R I ~ ) ) * O K S I G )  + 1 

COUNT(KEPR1M) = COUNTIKEPRIM)  + YAOJ*GAUSS(NGAUS) 

I F ( K E P K I M . G T . K t )  GC TC 2 7 0  
CON T I NUE 
C O N 1  I N U E  

Y ( J J )  = C C U N T ( J J )  
CON1 I N U E  
A S S I G N  305 T O  JRETRN 
JRET = 3 0 5  
GO TO 900 
CON T I NUE 
GO T O  50 

IFINGAUS.GT.ZOG9) GO TO 2 6 0  

GO ro 265 

00 2 7 5  JJ = l r  NPOINT 

IF(NTYP€.EO.2)  GO T O  9 0 5  
h R I T E ( 6 .  901) T C R P W W  

F O R C A T ( l H 1 ,  40HTHERMAL BREMSSTRAHLUNG SOURCE WITH K T  = r F7.4, 

F O R C A T ( 1 H  r 2 l H A F T t R  A r T E N U A T I O N  BY r F7.4, 15H G/CPI**2 OF A I R  

GO TO 906 

1 4 H  KEV 1 

1 / 1H r 3 2 H I N C I O E N T  SPECTRUM N O R M A L I Z E 0  TO r F 7 . 4 9  
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I SN 

2 4 0  
2 4  1 

242 
2 4 3  
2 4 6  
2 5 1  
2 5 4  
2 5 7  
2 6 0  
26 1 
262 
263 
2 64 
2 6 6  
2 6 7  
2 7 1  
2 7 2  
2 7 3  
2 7 4  
7 75 
2 7 6  
3 3 1  
3 3 4  
3 0 5  
307 
3 10 
3 1  1 
3 1 2  
3 1 3  
314 
3 1  5 
316 
323 
424 
3 2 6  
3 1  7 

330 
3 3 1  
3 3 2  

FORTRAN SOURCE L I S T  OETMD 
SOURCE STATEMENT 

2 12H PER KEV A T  v F7.4, 4H KEV ) 
9 0 5  W R I T E ( 6 ,  9 0 4 )  TCRPWR 
9 0 4  FOKMAT( lH1 ,  48HPOWER LAW D I F F E R E N T I A L  SPECTRUM k I T H  EXPONENT = 

1 9 F7 .4 )  
906 W R I T E ( 6 r  9 0 3 )  GM, ANOHH, EREF 

IF(JRET.EQ.145.0R.JRET~EQ~l90) W R I T E ( 6 ,  9 0 8 )  
I F ( J R E T . E O . 2 4 0 )  W R I T E I 6 r  910) 
I F ( J R t T . E C . 3 0 5 )  W R I T E ( 6 ,  9 1 2 )  
I F ( J R E T . E C . 3 0 5 )  W R I T E ( 6 r  9 1 4 )  ASIC ,  B S I G  

9 0 8  F O K M A T ( l H 0 ,  46HbEFORE CORRECTIONS FOR K ESCAPE AND RESOLUTION 1 
910 F O R C A T ( l H 0 ,  29HAFTER CORRECTION FOR K ESCAPE 1 
9 1 2  F O K C A T ( l H 0 ,  45HAFTER CORRECTIONS FOR K ESCAPE AND RESOLUTION 

9 1 4  FORCAT(1H t B H S I G H A  = pF7.5,5H*E + pF8 .5 ,14H*SQRT(E)  K E V )  
DO 915 K B I N = 1 , 8  

DO 916 J B I N  = 1, 40 

PBlh = 1 
DO 9 1 8  KNRG = 1, NPOINT 
h 8 I h  = ( K N R G - 1 ) / 5 0  + 1 
C T S A ( N t 3 I N )  = C T S A ( N B 1 h )  + O . l + Y ( K N H G I  
ENERGY = O . l * F L O A T ( K N R G - l )  

9 1 5  C T S B ( K B 1 N )  = 0.0 

Y 1 6  C T S n ( J 8 l N )  = 0.0 

IF(EYtHGY.LT.CALIB*THRESH(l)) GO TO 9 1 8  
I F ( E ~ t ~ G Y . G E . C I L I B + T H R E S t i ( M B I h + l ) )  M B I N  = C B I N  + 1 
C T S B ( M d 1 N )  = CTSB(MB1N)  + O . l * Y ( K N H C )  

9 1 6  CONTINUE 
WRLTE(6, 9 2 0 )  

L I N P X  = ( r v P O I h T - 1 ) / 1 0 0  + 1 
DO 9 2 1  L I h  = 1, L INMX 
LENRGY = 1 0 * ( L I N - 1 )  
L S T A R I  = 1 + 1 0 0 * ( L I N - l )  
L S l C P  = LSTART + 90 

9LC F O K C A T ( l H 0 ,  6kENEHGY 1 

W K I T E ( 6 V  9 1 9 )  LENRGYV ( Y I L A ) ,  LA  = L S T A K T t  LSTOP,  10) 
9 1 9  FORCAT(1H 9 I 3 1  1OF10 .5 )  
9 2  1 CONT I N U t  

1 1 3  F O K C A T ( l H 0 ,  2OtiCCUNTS I N  5 K E V  B I N S  /lHOc 10F10.5 /1H v 
1 l J F l O . b / l H  v 1 0 F 1 0 . 5 / 1 H  , l O F 1 0 . 5 /  1H0, 33HCOUNTS I N  B I N S  WITH T 
2HRkSHOLOS = v F7.4 ,  6 H  T I C E S  / 1H  9 9 F 8 . 3 / 1 W 0 1 8 F 8 . 5 )  

k R I T E ( 6 ,  1 2 3 )  C T S A V  C b L I B ,  THRESH, CTSB 

GO TO JRETKN, 1 1 4 5 ,  190, 2 4 0 ,  3 0 5 )  
l C C U  COWTINUE 

END 
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I N P U T  DATA CARDS FOR PROGRAM CETMO (FOR SAMPLE RESULTS PRESENTED I N  
T H I S  R E P O R T )  
190 CARDS C O N T A I N I N G  E F F l C  FKCM 10.0 TO 1 S 9 . 9  KEV 

190 CbRDS C O N T A I N I N G  ESCKB F R O M  10.0 TO 1 9 9 . 9  KEV 
190 CbRDS C C N T A I N I N G  PTTEN F R C M  10.0 TO 1 5 9 . 9  K E V  
111110 
1 2 3 . C O O  1.000 4 . 3 0  
4.00 
(3.07 0.29 

190 CARDS C C N T A I N I N G  ESCKA FROM 10.0 TO 1 9 9 . 9  KEV 

16.60 23.40 30 -30 37.50 6 6 . 7 0  5 4 . 2 0  
0 6 . 5 0  81.00 101.00 

1.OOGC 
O l O C C C  
4.50 
0100cc 
5.co 
OlGOCC 
5.50 
COOCCl 
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111. Programs used t o  Generate Inputs  t o  DETMD 

AIRAT g e n e r a t e s  a 1 9 0 0  e n t r y  t a b l e  of a t t e n u a t i o n  c o e f f i c i e n t s  
f o r  a i r  between 10.0 and 199.9  keV. This  t a b l e  is  c a l l e d  TABLE 

wi th in  AIRAT and i s  c a l l e d  ATTEN when used as i n p u t  t o  DETMD. 

The i n p u t s  t o  AIRAT a r e  ene rg ie s  and Compton a t t e n u a t i o n  c o e f f i c i e n t s  
f o r  n i t rogen ,  oxygen, and argon a t  t h e s e  ene rg ie s .  The con- 
s t i t u e n t s  of a i r  correspond t o  t h e  i n d i c e s  1, 2 ,  and 3 r e spec t ive ly .  

XNTERP a l lows  i n t e r p o l a t i o n  between t h r e e  consecut ive p o i n t s  
on a smooth curve by f i n d i n g  c o e f f i c i e n t s  A, B ,  and C of t h e  
q u a d r a t i c  M 2  + Bx + C which f i t s  t h e  t h r e e  po in t s .  It  i s  used 
by AIRAT t o  f i n d  Compton a t t e n u a t i o n  c o e f f i c i e n t s  i n  between t h e  
t a b u l a t e d  va lues  it receives as input .  

E l  g e n e r a t e s  va lues  of t h e  exponent ia l  i n t e g r a l  E l ( x )  = 

us ing  approximation formulae g iven  i n  Reference 4 .  p” e-t - d t  
X t 

E l  i s  used by NAIEF i n  c a l c u l a t i n g  t h e  p r o b a b i l i t y  t h a t  an 
i s o t r o p i c a l l y  emi t t ed  i o d i n e  K x-ray escapes  from t h e  uniformly 
t h i c k  s h e e t  of NaI. 

NAIEF c a l c u l a t e s  E ,  pa, and p f o r  x-rays between 1 0  and B 
199 .9  keV normally i n c i d e n t  on a 1 m m .  t h i c k  N a I  c r y s t a l .  The 
formulae used a r e  

€ ( E )  = 1 - e-’xo 

p = 124&) 

where x, = . 3 6 7  g/cm2 and 

f o r  1 0  s E c 3 3 . 2 3  keV 
-2.7770 

f o r  3 3 . 2 3  < E < 199 .9  keV 
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6 = DELTA = fraction of photoelectric processes taking place in 
the K shell = .875 

w = OMEGA = K fluorescence yield of iodine = .84 
pa= AaTTEN = u(EKa) = 6.62 cm2/g 

pB= BATTEN = p(EKB) = 4.66 cm2/g 

fa= ABRANC = fraction of K x-rays which are Ka x-rays = . 7 Y 3 7  

fB= BBRANC = fraction of K x-rays which are K x-rays = -2063 
B 
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FO&THAN SOURCE L I S T  
I SN SOURCE STATEMENT 

0 SIBFTC A I R A T  
1 D I M E N S I O N  E T A B ( l l ) r  S I G M A ( 3 r  111, t P L O T ( 1 9 0 0 ) r  T A B L € ( 1 9 0 0 ) *  

2 i t E A 0 1 5 r  2 5 )  E T A B *  ( ( S I G M A ( J r K ) r  K l r  1 1 1 9  J = l r  3 )  
1 A ( 3 1 9  B ( 3 ) r  C ( 3 ) r  f R A C ( 3 ) r  C O N V ( 3 ) r  P O W E R ( 3 ) r  C O E f F ( 3 )  

1 3  2 5  FORMAT( 11F6.l/llF6.2/11F6.2/11f 6.2) 
1 4  FRAC( A I e 7 5 5 6  
1 5  F R A C I 2 )  e 2 3 1 5  

I 16 F R A C ( 3 )  = e0129 
17 C O N V ( 1 )  = e04301 
LO C O N V ( 2 )  = - 0 3 7 6 5  
2 1  CONV(31  = e01508 
2 2  POMER( 1 )  = -3 .28443  
2 3  POWERIZ)  -3.30707 
2 4  P O r l E R ( 3 )  = - 3 . 0 7 1 1 4 5  
2 5  C O t F F ( 1 I  = 77.0 
2 6  C O k F F ( 2 )  = 142.0 
2 7  C O t F F ( 3 )  4 2 3 0 . 0  
3 0  DE = 0.1 
3 1  J =  1 

3 3  EN = N 

3 9  E P L O T t N )  = E 

3 2  00 500 N l r  1900 

3 4  E = ( E N  - l .O)+DE + E T A B ( 1 )  

3 6  I F ( E . L T . E T A B ( J ) )  GO TO 3 5  
41 00 30 K = l r  3 
4 2  CALL  I N I E R P ( E T A B ( J ) *  E T A B ( J + l ) r  E T A B I J + Z ) r  S I G M A ( K 9 J ) r  

1 S I G M A ( K r  J+l)r S I G M A ( K 9  J + 2 ) r  A ( K ) r  B ( K ) r  C ( K ) )  
4 3  3 0  C O N T I N U t  
4 5  J = J + l  
4 6  35 CONTINUE 
4 1  T A t i L E t N I  = 0.0 
5 0  DO 100 M = 1 9  3 
5 1  T A B L E ( N 1  = T A B L E ( N )  + F R A C ( M ~ * C U N V ~ M ~ * ~ C O E F F ~ H ~ * ~ E / E l A B ~ l ~ ~  

52 100 CONTINUk  
5 4  500 CONTINUE 
56  Y R I T E ( 6 r  5 1 0 )  
5 7  510 F O R M A T ( 1 H l r  SSHPHOTON ATTENUATION C O E F F I C I E N T S  I N  CM**2/GM FOR DRY 

60 DO 5 5 0  NA = 1 9  1900r 10 
61 I F ( M O D ( N A 9  SOO).EQ.l.AND.NA.NE.l) H R I T E ( 6 r  515)  
64 CONTINUE 
65 5 1 5  F O R M A T l l H l l  
66 NB = NA + 9 

1 **POWER(M) + A ( F o * E * * 2  + B(M1.E + C(MI) 

1 A I R  / lHOr 6HENERGY 1 

67 WRITE16 ,  5 2 0 )  E P L O T ( N A I *  ( T A B L E ( J A ) r  J A  = N A r  N B )  
7 4  5 2 0  F O R H A T ( 1 H  9 F4 .01  10FB.4 )  

7 1  W R I T E ( 7 r  5 6 0 )  ( T A B L E ( J B I 9  JB = 1, 1900) 
7 5  5 5 0  CONTINUE 

LO4 5 6 0  FOKMAT(LOF7.4)  
105 C A L L  EXIT 
106 END 

I N P U T  DATA CARDS FOR PROGRAM A I H A T  (ENERGIES AND COMPTON ATTENUATION 
C O E F F I C I E N T S  OF NITAOGEN9 OXYGEN9 AN0 ARGON AT THESE ENERGIES)  

1 O . C  15.0 20.0 30.0  40.0 50.0 60.0 80.0 100.0 150.0 200.0 
8.96 6 - 7 2  5.73 4.84 4.45 4.14 3 - 9 8  3 - 7 3  3.54 3.15 2.87 

11.50 8.28 6 . 9 5  5.77 5.18 4 - 8 0  4 .61  4.30 4.06 3.61 3.29 
56.00 36.00 213.00 19.00 15.80 13.60 1 2 . 4 ~  10.80 9.85 8.43 7.57 
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FOKTRAN SOURCE L I S T  
I b N  SOURCE STATEMENT 

0 s I H F T C  N A I E F  
1 O I M E N S I U N  k X P T A B ( 2 0 0 0 ) v  E F F I C ( 1 9 0 O ) r  E S C K A 1 1 9 0 0 ) .  t S C K t 3 ( 1 9 0 0 ) ,  

1 F K A C K d ( 2 O O ) r  F R A C K B ( 2 0 0 )  
2 00 S J t X  = 1. 2000 
3 X = F L U A T ( J E X  - 1)/200.0 
4 €XPTAM( J E X )  = l i X P ( - X )  
5 5 CONTINUE 

I A A r r E N  = 6.62 
10 BATTEN = 4.66 
1 1  OELTA = .875 

C P I T E N U A T I O N  C O t F F I C I E N T S  FOR IOOINE K ALPHA AN0 BETA 

12 OMtGA = a 8 4  
C H E L A T I V t  NUMBERS OF K ALPHA AND B t T A  PHOTONS PHOOUCED 

1 3  PBKANC = .7937 
1 4  BBKANC = . 2 0 6 3  

16  OEPTH = . 0 0 1 8 j 5 ~ F L O A T ( J D E P l H 1  

1 I  HEIGHT = - 3 6 7  - D E P l H  

1 5  00 20 JUEPTH = 1,. 2 0 0  

L - 3 6 7  = T H I C K N t S S  OF N A I  CKYSTAL C O N S I O t R E U  ( I N  G / c M * * 2 )  

20 XFA = AHAXI( .OCOOOlr  O t P T H * A A T C E N l  
2 1  XFt i  = At4AX1(.000001, OEIJTH*t3ATTtN) 
2 2  XRA = A K A X 1 ( . 0 0 0 0 0 1 ,  h t I G H l + A A r T E N )  
2 3  XRt3 = AMAX1( .00C001,  H E I G H T * B A I T E N )  
2 4  FWACKA(J0EPTH)  = O . ~ S D E L T A * O M E G A S A B H A N C . I E X P ( - X F A )  + E X P ( - X R A I  - 

1 X F A * E l ( X F A )  - X R A * E l ( X K A ) )  
2 5  F K A C K U ( J 0 E P T H )  = O . S ~ D E L T A S O M E ~ A * M ~ K A N C * ~ € ~ P ~ - X F ~ )  + E X P ( - X R B )  - 

1 X F B * E l ( X F B )  - X R B * E l ( X R B ) )  
26 20 CONTINUE 
30 00 100 JENRGY = 1 s  1900 
31 kNdGY = 10.0 + F L O A T I J f i N R G Y  - 1)/10.0 
32 E F t I C I J k N R B Y )  = 0.i) 
33 E S C K A ( J t N R G Y )  = 0.0 
3 4  ESCKt l (JENRGY)  = 0.0 
3s I F l t N H G Y . G r . 3 3 . 2 3 )  GO r0 2 5  
40  ATTEN = 1 2 4 . ~ + ( E N R C Y / 1 0 . 0 ) . + ( - 2 . ? 7 7 M )  
41 E F F I C ( J t N K b Y )  = 1.0 - E X P ( - . 3 6 7 * A T T E N )  
4 2  GO TO 100 
4 3  2 5  CONTINUE 
4 4  ATTEN = 3 0 : ~ . ( E N R G Y / 3 3 . 2 3 ) * . ( - 2 . 6 5 9 6 )  

46 DO 80 KOEPTH = l r  200 
45 C A T  r E N  = . 0 0 1 8 3 5 * A T I E N  

4 7  UEYTH = . 0 0 1 8 3 5 * F L O A T ( K O E P T H )  
55 NLAMDA = OEPTH*ATTEN.200.0 + 1.0 

54 FLUX = E X P T A B I N L A H U A )  
3 5  O E F F I C  = OATTENSFLUX 
5 6  E F F I C ( J E N R G Y 1  = E F F I C t J E N R G Y )  + U E F F I C  
57 ESCKA(JENRGY)  = ESCKA(JENRGY1 + D E F ~ I C . F R A C K A ( K D t P I H )  
60 l iSCKB(JENRGY)  = ESCKB(JENRGYI  + U E F F I C * F R A C K ~ I K D t P T H )  
6 1  3 5  CONTINUE 
6 2  d 0  CONTINUE 
6 4  100 CONTINUE 

3 1  IF (NLAMUA.CT.2000)  GO T O  35  

66 W R I T E ( 6 r  1 0 5 )  
6 l  105 F O K M A T ( I H 1 ,  67HOEC 6, 1366 PHOTOELECTRIC E F F I C I E N C Y  OF 1 MM. T 

1 H I C K  N A I  CRYSTAL / l H  9 7 5 H I F R A C T I O N  OF NOHMALLY I N C I D E N T  PHOTO 
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FOKTRAN SOUKCk L I S T  N A I E F  
I SN SOUNCt 5TATEMENT 

21uS THAT ARE AUSGRbtO PHOTOELECTRICALLY)  / l h 0 ,  6 H t N t R G Y  1 
10 00 1ZU N L I N k  = I r  190 
7 1  IF~NLIYE.tO.51.OR.NLINt~tQ.IO1.0R.NLINE.~~~l51~ k R I T E ( 6 t L l 3 )  
74 CON I I NUE 
7 5  1 1 C  F O d C A T ( l H 1 )  
76 NENKGY = N L I N t  + 9 
77 N S l A R T  = ( N L I N t  - l ) * 1 0  + 1 

: 2 G  YSTCP = YSTAKT + 9 
1 0 1  h R I T t ( 6 t  1 1 5 )  hENKGY. ( E F F I C ( N A 1 .  NA = N S l A H T r  N S l U P )  
l d 6  1 1 5  F O K C A T ( 1 H  t 13,  1 0 F 7 - 4 )  
1 U 7  120 C O N T I l r U E  
111 kKITE(7r 1 2 1 )  E f - F I C  
1 1 2  1 2 1  F O K C A T ( l O F 7 . 5 )  
LA3 W R I l t ( 6 r  1 2 5 )  
114 125 F O K C A T ( l H 1 ~  88HCkC 61 1 9 6 6  P H O d A B I L I T Y  THAT A PHOTON I N C I D k N T  

1NOKMALLY ON A 1 MM. T l i I C K  N A I  CRYSTAL 1 
1 1 5  W R I T E ( 6 ,  1 2 6 )  
116 1 2 6  FOr(MAT(1H 9 7 9 H  PROUUCES AN IUDINt K ALPHA X-RAY WH 

1 I C H  ESLAPES F R O M  T H t  CKYSTAL / 1 H O t  6 H E N t R b Y  I 

1 1 7  00 130 M L I N E  = 1 9  190 
12Q IF(YLINt.E~.51.0R.~LIN~.E~.l01.~~.M~lNt.E~.15~~ k R I T l k ( b . 1 1 0 1  
1 1 3  MENRGY = M L I N E  + 9 
114 CSTAHT = ( C L I N c  - l ) * 1 0  + 1 
1 2 3  CSICP = MSTART + 9 
1 l b  W R I T E ( 6 r  113)  M t N H G Y t  ( E S C K A ( M A I t  MA = MSTART, MSTOPJ 
1 3 3  130  C O N T I N U t  
1 3 5  k R I T t ( 7 r  1 2 1 )  ESCKA 
1 3 6  k R L T E ( 6 r  1 2 5 )  
137 k R I T E ( 6 r  1 3 6 )  
140 1 3 6  FOktHAT(1H 9 7 8 H  PRODUCtS AN I O D I N t  K BETA X-KAk hHI 

14 1 DO 140 L L I N E  = l r  190 
1 4 2  I F ~ L L I N t ~ E Q ~ S 1 ~ O R ~ L L I N E ~ E Q ~ l O l ~ U R ~ L L l N E ~ E Q ~ l 5 l ~  W R I T k ( 6 r l 1 0 )  
1 4 ’ ~  LEtIRGY = L L I N t  + 9 
1 4 6  LSFART = ( L L I h r t  - 1)*10 + 1 
1 4 7  L S l U P  = LSTART + 9 
15ti W K I T E ( 6 ,  1 1 5 )  L t N R G Y ,  ( E S C K B ( L A 1 .  L A  = LSTAHT. L S T O P )  
135 1 4 0  COivTINbE 
13 I W R I T E ( 7 r  1 2 1 )  tSCKt3 
160 C A L L  t X I T  
161 E N 0  

1CH ESCAPES f-ROM T H t  CRYSTAL / l H O t  6HlkNEKtiY ) 
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FORTRAN SOURCE L i s r  
I SN SOUHCE STATIiMEhT 

3 S I U F l C  E l  
1 FUaVCTIGN E L I X )  
2 Y = A a S ( X )  
3 x2  = Y.Y 
4 x3 = X2.Y 
3 IF(Y.GT.1.0) GO T O  10 

I d  x4 = X2.X2 
1 1  x 5  = X4.Y 
12 E l  = - A L O G I X )  - . S I 7 2 1 5 6 6  + e99999193.Y - . 2 4 9 Y 1 0 5 b * X 2  + 

1 . 0 5 5 1 Y 9 6 8 * X 3  - . 0 0 9 7 6 0 0 4 * X 4  + . C C 1 3 7 8 5 7 * X 5  
1 3  RET URN 
14 10 IF(Y.GT.1O.O) GO T U  20 
1 7  €1 = t X P ( - Y ) + ( X Z  + L.334733.Y + . 2 5 3 6 2 1 t / ( X 3  + 3 . 3 3 0 6 5 7 U X 2  + 

1 1 . 6 8 1 5 3 4 * Y l  
3 0  i3ETURN 
''1 2 0  €1 = E X P I - Y ) * ( X Z  + 4.03640.Y + 1 . 1 5 1 9 d J / ( X 3  + 5 . 0 3 6 3 7 * X 2  + 

1 4 .1Y160*Y)  
22 RETURN 
2 3  END 

FOKrRAN SOURCE L I S T  
I SN SOURCE STATEMENT 

3 SIBFTC I N T E R P  
1 SUbROUTINE I N T t K P ( X 1 ,  X 2 9  X 3 9  Y l r  Y2,  Y 3 9  A *  Bc C )  
2 x 1 2  = x1a.2 
3 x22 = XL*.2 
4 X 3 2  = X3r.2 
5 DET = X 1 2 * ( X 2  - X 3 )  - Xl . IX22 - X 3 2 )  + ( X 3 0 X 2 2  - X 2 * X 3 2 )  
6 A = ( ( X 2 - X 3 ) * Y 1  + (X3-Xl I .YZ + ( X l - X 2 l * Y 3 1 / 0 E T  
7 8 = ( I X H - X Z Z ) * Y ~  + ( x ~ ~ - x ~ ~ J * Y z  + ( x ~ ~ - x L ~ ) * Y ~ I / D E ~  

1;) c = ((X3*X22-X2.X32).Yl + ~ X 1 + X 3 2 - X 3 * X L 2 ) * Y 2  + ( X 2 . X 1 2 - X 1 * X 2 2 ) * y j )  
1 /1)ET 

11 R E I U R N  
12 E NU 
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I V  Data P r e s e n t a t i o n  

A l o g i c a l l y  complete way t o  p re sen t  t h e  r e s u l t s  of t h e  
foregoinq a n a l y s i s  i s  t o  g i v e  t h e  c o e f f i c i e n t  K found f o r  each 
energy i n t e r v a l  as a func t ion  of kT or N o r  o t h e r  parameters.  
This  i s  a l s o  a c o r r e c t  way i f  f o r  some one value of t h e  parameters  
K is  n e a r l y  t h e  same f o r  a l l  energy i n t e r v a l s .  
t h e  procedure fol lowed by C l a r k 5  i n  h i s  measurement of t h e  
spectrum of t h e  Crab Nebula between 1 5  and 62 keV. S ince  then ,  
however, r e s u l t s  of  x-ray observa t ions  from ba l loons  have been 
p resen ted  as energy s p e c t r a  c h a r a c t e r i s t i c  of  t h e  x-ray sources  
a lone ,  w i t h  t h e  e f f e c t s  of f i n i t e  energy r e s o l u t i o n  and K x-ray 
escape supposedly removed. 

O u r  method of  spectrum p r e s e n t a t i o n  desc r ibed  below i s  
one which approaches c o r r e c t n e s s  as t h e  range of K values f o r  
d i f f e r e n t  energy bands approaches zero f o r  some value of a spectrum 
parameter  such as kT o r  N. L e t  us r e f e r  t o  t h i s  "bes t"  value 
of  t h e  parameter  as kT. The o r d i n a t e s  i n  a graph of  t h e  

x-ray d i f f e r e n t i a l  number spectrum, '-, are then taken t o  be 

This  i s  e s s e n t i a l l y  

A 

dn 

h A 

Nab (kT) Nbc (kT) , etc. where Nab(kT) i s  as de f ined  i n  s e c t i o n  Eb'Ea Ec-Eb 

I1 of  t h i s  r e p o r t .  For t h e  absc i s sa  corresponding t o  an energy 
band f r o m  E t o  

j 
R 

where K = 
j k  

Ek w e  pick t h e  energy E '  such t h a t  

jk 
n 
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Thus E' i s  t h e  energy a t  which t h e  spectrum equa l s  i t s  average 
va lue  between E and Ek. I n  terms of K t h e  o r d i n a t e  i s  

j j k  

S i m i l a r l y  i n  a graph of t h e  d i f f e r e n t i a l  energy spectrum, 
dn 

E dEdAdt t h e  o r d i n a t e  i s  

and the  a b s c i s s a  i s  t h e  E '  such t h a t  

Through t h e  p o i n t  de f ined  by o r d i n a t e  and a b s c i s s a  pas s  a 
h o r i z o n t a l  b a r  extending from E 

l eng th  r e p r e s e n t s  t h e  e r r o r  i n  t h e  de t e rmina t ion  of  N j k ,  

p h e r i c  depth ,  and d e t e c t o r  p r o p e r t i e s .  
n o t  t o  be i n t e r p r e t e d  as an e r r o r  b a r  o r  as a measure of  energy 
r e s o l u t i o n ,  b u t  j u s t  shows t h e  width of t h e  p u l s e  h e i g h t  channel  
which y ie lded  t h e  d a t a .  This  is  our  i n t e n t  i n  r e f e r e n c e s  2 and 
3 and w e  b e l i e v e  it i s  t h e  i n t e n t  of t h e  o t h e r  workers i n  t h i s  
f i e l d .  

process  of  f i n d i n g  kT o r  f i n d i n g  which parameter ,  kT, N ,  

o t h e r ,  i s  most appropr i a t e .  

t o  Ek and a v e r t i c a l  b a r  whose 
atmos- 

j 

The h o r i z o n t a l  b a r  i s  

Our v e r t i c a l  e r r o r  b a r  does n o t  ref lect  any e r r o r  i n  t h e  
A 

or Some 

n 

If w e  assume kT = 4 . 3  keV and one s t a n d a r d  d e v i a t i o n  i n  n a b  = 

.OO2 pulses/cm2sec i s  .0008 pulses/cm2sec t h e n  t h e  o r d i n a t e  i n  
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a graph of dEdAdt dn (Figure la) is 

A 

.01666 

23.3 
= 7.15 x photons/cm2sec keV - - Nab (kT) 

Eb-Ea 

and the vertical error bar extends from 0.6 to 1.4 times 7.15 x 
So tab = 24.68 + 9.87 and the abscissa, E' = 30.3 keV. - 

Note that kT = 4.3 keV implies that the flux at the middle of 
the energy band, 35 keV, is very different from that at 30.3 keV. 
The curved line in Figure la is the assumed spectrum at the top 
of.the atmosphere. Figure 2 shows this and the pulse height 
spectra our detector would produce in case there were 4.0 and 
5.5 g/m2 of air along the line of sight. 

differential energy spectrum E dEaAdt . 
keV/cm2sec keV and the abscissa is 30.7 keV. 

Figure 1B shows the 

The ordinate is 1.97 x dn 

Of course the one datum considered in this example in no way 
h 

justifies the choice of kT = 4.3 keV. The example was taken from 
an observation of Scorpius X-1.  Previous observations of this 
source by other groups had established the value of kT. 
example was chosen because the steepness of the spectrum neces- 
sitates careful presentation of the spectral data and the weakness 
of the source necessitated consolidation of data over a wide energy 
range . 

A 

The 
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